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SECTION 1
SUMMARY

The published literature on PCB analysis is critically reviewed. Sev-
eral hundred references are cited in a bibliography. The review is subdi-
vided into extraction, cleanup, determination, data reduction, confirmation,
screening, guality assurance, and by-product analysis sections. The deter-
mination section includes TLC, HPLC, GC (PGC and CGC), GC detectors (ECD,
FID, HECD, EIMS, and other MS) and nonchromatographic analytical methods
(NMR, IR, electrochemistry, NAA, and RIA).

Based on the review of the literature, personal communications with re-
searchers in the field, and the authors' judgment, techniques applicable to
analysis of commercial products, air, and water for by-product PCBs under the
Remand Rule are discussed, Each individual analytical component (extraction,
cleanup, determination, etc.) is separately discussed. The final section of
this report presents the recommended overall primary analytical scheme:

1, Homogenize sample and subsample if necessary.

2. Incorporate surrogate compounds (e.g., four 13C PCB congeners).

3. Dilute, extract, or clean up as required.

4, Concentrate or dilute to a known volume.

5. Analyze a known aliquot by GC/EINMS.

6. Identify PCBs by relative retention time and mass spectral charac~
teristics.

7. Integrate the PCBs by homolog and calculate amounts of each homolog
by normalizing the responses to responses for the surrogate compounds, using
one or more homolog response factors.

8. Sum all 10 homolog concentrations to obtain a total PCB value.

9. Report on standard reporting form.

10. Follow specified routine QC (blanks, controls, duplicates, standard
condition, instrument performance criteria, etc.).

11. Maintain appropriate records.



Several details in this scheme are subject to revision, as discussed in
the report. Several unresolved issues are discussed, including the permisgsi-
ble flexibility in the method, the use of equivalent methods, and quality as-
surance.



SECTION 2
INTRODUCTION

PCBs have been manufactured as commercial products since 1929 and mar-
keted under trade names such as Aroclor (United States), Chlophen (Germany),
and Kasnechlor (Japan). These were all complex mixtures of many congeners and
several homologs. They were used as dielectric fluids in capacitors and trans-
formers, hydraulic fluids, fire retardants, plasticizers, and many other appli-
cations. Their manufacture and use have bheen frequently reviewed (Hutzinger
et al., 1974; and many other reviews listed in "Review Articles on PCBs"
section below).

Beginning in 1966 (Jensen, 1972; anonymous, 1966), PCBs were found in
environmental sampies as interferents with chlorinated pesticides (e.g., DDT)
analysis with increasing frequency. As the magnitude of the probiem grew,
the emphasis on PCRs gradually shifted from interferents to analytes. Con-
comitantly, their toxicology was being studied. While their toxicity varies
among isomers and species, PCBs have been sufficiently implicated in animal
and human toxicity to warrant their ban in the United States (Toxic Substances
Control Act (TSCA), Public Law 94-469, October 11, 1976). The public outcry
prior to TSCA and enforcement of the law thereafter have prompted increased
scientific interest in all aspects of PCBs.

fentral to the environmental studies of PCBs is their analysis. Most of
the early methods were direct adaptations of chlorinated pesticide procedures.
As interest grew, analytical techniques improved and methods of analysis be-
came increasingly sophisticated. However, PCB analysis is plagued by the fact
that PCBs are not one specific compound like most pesticides, but in fact are
a class of 209 congeners. Until very recently, all of the PCB analyses were
directed toward commercial {e.g., Aroclor) products or their derivatives {me-
tabolites, weathered samples, etc.). The complexity of the raw data (chro~
matograms) and lack of other standards have led scientists to report PCB find-
ings in terms of Aroclor {or other products) calibration standards. This pro-
cedure is at best approximate when the sample resembles the standard and
becomes hopeless if the sample does not "match” standards.

The problem of PCB analysis has recently become more complex due to con-
cern over incineratjon products and by-product PCBs, where the PCB mixture in
no way resembles an Aroclor pattern. Incinerator products are of concern
since 1.8 enforcement efforte have recently concentrated on destruction of
existing PCB products rather than on landfill disposal. The concern over
by-product PCBs may be traced to the opinion of U.S. courts that PCBs gen-
erated as impurities in other products are subject to the TSCA ban on PCB
manufacture.



This document presents a review of analytical techniques used for the
analysis of PCB and discusses which of these may be applicable to determina-
tion of by-product PCBs. A general apalytical scheme is proposed with sev-
eral options in areas where there is no clear best available technology.



SECTION 3
LITERATURE REVIEW

This section is a critical review of the published literature on analyt~
ical techniques for PCBs. Where possible, comments have been made regarding
the quality of the work and the utility of the techmigue. However, discussion
of the relevance of techniques toward the PCB Remand Rule has been left to
Sections 4 and 5.

SOURCES OF INFORMATION

Computerized and manval searches and relevant references in recent arti-
cles were used. Many documents were obtained from the personal files of MRI
employees. Recent issues of several key journals (Analytical Chemistry,
Journal of Chromatography, Journal of the Association of Analytical Chemists,
Environmental Science and Technology, etc.) were searched manually to pick up
any recent references not yet in the computer data bases. In addition, several
known PCB researchers (Appendix A) were called to discuss approaches to the
Remand Rule. In these discussions, they were asked to send copies or give
references to any recent publications or preprints.

The computer searches were done using DIALOG. Chemical Abstracts (CA)
tiles were searched back te 1472, printing all references containing "PCB"
and synonyms and keywords beginning with the following letters: '"amal,"
"chromatogr,” "mass spectr" and synonyms. A similar search was performed on
the National Technical Information Service data base (now including Smithsonian
Science Information Exchange). These searches printed out 349 citations, of
which 188 were judged sufficiently relevant to obtain at least the CA abstract.
In addition to nonanalytical articles, articles where PCBs were mentioned but
were clearly not the major focus of the article, and articles which clearly
contained only analytical results and not methods, the majority of citations
not obtained were in obscure foreign language journals and apparently were
similar to other available references.

Once the primary search data had been digested, it became apparent that
several authors were of primary interest and all of their recent (1980 and
1981) publications were retrieved by a CA search on their name. These authors
were P. W. Albro, T. F. Bidleman, U, A. Th. Brinkman, 0. Hutzinger, R. G.
Kaley, 8. Safe, D. L. Stalling. Most of the new citations retrieved by this
search were irrelevant (metabolism studies, synthesis, etc.) to this report.

An additional manual cross-check was made with the document "Polychlori-
nated Biphenyls, Polybrominated Biphenyls, and Their Contaminants: 4 Litera-
ture Compilation 1965-1977" (Winslow and Gerstner, 1978). This document con-
tains 1,880 PCB citations, although not all pertain to analytical methods.



References contained in review articles and primary literature were also
checked to assure that no important articles were missed by the computer
search. Several articles were added to the files by these searches.

REVIEW PROCEDURE

All articles cited in the bibliography (Appendix B) were surveyed for
relevant analytical details. The salient features of each article were noted
and any key subject areas were listed. Each citation was cross filed in any
of 33 applicable key subject areas (PGC, £GC, EIMS, Review, etc.).

REVIEW ARTICLES ON PCBs

Any class of chemical compounds as often studied and as subject to regu-~
latory pressure as P(Bs has been the subject of review articles. A total of
27 books and articles were characterized as PCB reviews. The PCB review most
often cited is probably the book The Chemistry of PCBs by Hutzinger et al.,
(1974). This book characterizes commercial PCBs; synthesis routes; chemical
and photochemical reactions; metabolism; mass spectrometry; NMR, UV, and IR
spectral properties; determination methods, and recent developments. Although
dated, this review covers the general subject and the analysis of PCBs (imn
1974) comprehensively.

Reynolds (1969) reviewed the problems of PCB interference with the amaly-
sis of pesticide residues and later expanded on this in Residue Reviews
(Reynolds, 1971). Risebrough (1971) reviewed analytical techniques for PCBs
in environmental samples. Fishbein's (1972) review of the chromatographic
and biclogical aspects of polychlorinated biphenyls discussed column chroma-
tography, TLC, GC, and GC/EIMS in some detail. DeVos (1972) reviewed the
methods for pesticides and PCBs in wildlife samples used by various labora-
tories in the Netherlands. Lincer (1973) reviewed PCBe, again as interferents
with pesticide residue analysis. - Safe (1976) reviewed the analytical problems
and methods for PCBs as part of a national conference on PCBs (Ayer, 1976)
which covered all aspects of the PCB issue (biology, metabolism, destruction,
regulatory, etc.).

Sherma (1975) reviewed GC of PCBs, including extraction, cleanup, GC sys-
tems, identification, confirmation, and guantitation. Chau and Sampson (1873),
in an attempt to standardize quantitation, surveyed and reviewed the various
methods for PGC/ECD quantitation. Lao et al. (1976) reviewed the application
of GC/MS to PCB analysis. Extraction, chromatographic separation (cleanup),
GC/ECD, and computer-aided data interpretation were discussed by Krull (1977).
Brinkman et al. (1978) discussed various literature procedures for discrimi-
nation between PCBs and polychlorinated naphthalenes (PCN). Lawrence and
Turton (1978) included PCBs in a tabulation of HPLC data for 166 pesticides.

Environmental Health Perspectives devoted an entire issue (Rall, 1978)
to PCBs. Pomerantz et al. (1978) reviewed the chemistry of PCBs; Matthews
et al. (1979) reviewed metabolism and toxicity; Cordle et al. (1978) reviewed
human exposure; Kimbrough reviewed animal toxicology; and the DHEW Subcommittee




of Health Effects of PCBs and PBBs (1978a, 1978b) provided general recommenda-
tions and general summary and conclusions which included discussions of the
analytical aspects of PCBs.

Stalling et al. (1979) reviewed PCB analysis with particular emphasis on
their own work of automating the extraction and cleanup processes.

The sampling and analysis of PCBs in air have been reviewed by Lao et al.
(1976), Margeson (1977), and Fuller et al. {1976).

The analytical aspects of PCBs have also been reviewed by Sherma (1981),
Nose (1976), and Tanabe (1973). Finlay et al. (1976) reviewed PCB levels in
the environment but did not discuss analysis. Other reviews not discussing
analysis include Resource Planning Commission (1982), Fishbein (1979), and
Kimbrough (1980).

Yone of the review articles discussed above iz current (the most recent
was 1979), nor do they discuss the problems of determination of incidentally
generated PCBs. In response to the PCB Remand Rule, the Chemical Manufacturers
Association {198i) critically reviewed the PCB analytical techniques potentially
applicable to the rule and recommended that GC/EIMS be the method of choice
for analysis under this rule.

STANDARD METHODS

Table 1 lists the standard analytical methods available for PCBs. It
shonld be noted that not all of the methods listed are sanctioned at this
peint. Many have interim status and some have been proposed but never en-
dorsed by an organization. The standard methods provide analytical approaches
for the measurement of PCBs in a variety of materials including water, waste-
waters, soils, sediments, sludges, air, combustion and incinerator emissions,
capacitor askarels, transformer-fluids, waste oils, mixtures of chlorinated
benzenes, pigments, food, milk, and adipose tissues.

Table 1 summarizes each of the standard methods. Extraction and cleanup
procedures are presented in terms of the materials and reagents required for
analysis. Less than half of the methods comment on the criteria required to
make qualitative determinations for the presence of PCBs in sample extracts.
The method of quantitation for each of the analysis schemes is presented along
with the limit of detection (LOD), if specified. Additional analytical proce-
dures to confirm the levels or presence of PCBs are also indicated. More than
half of the standard methods mention quality assurance in some respect. The
quality assurance steps include analysis of blanks, replicates, control sam-
ples, spiked additions, and accuracy, precision, and instrumental performance
criteria.

All of the methods, except those provided by DCMA (1981) and Dow (1981)
are directed to the analysis of PCBs as Aroclors or similar mixtures. The
DCMA (1981) and Dow (1981) methods were developed for the analysis of by-
product PCBs in commercial products.



TABLE 1. STANDARD METHODS OF ANALYSIS FOR PCBs
Detexmination Quant,
Hethod Matrix Extraction €l p nethod Qual. method LoD Confirmation Q4 Reference
ANSI air - (H2504) PGL/ECD Ko Single peak 2 ppb None Yes ANSI, 1374
(toluene (Saponification)
impinger) (Alumina)
ANSI Vater Hexane (H;504) PGCSECD Ho Single peak 2 ppm Rone Yes ANST, 1974
{Saponification) or summed
Alumina peaks
ANST Bediment ClizCR/ Hp504 PGC/ECD No Single peak 2 ppm None Yes ANSI, 1974
soil hexane Saponify/ or stemed
alumina peaks
ADAC (29) Food CHaCM/Pet. TFlorisil Mg0f  PGC/ECD Ro Total area R§® TLC paper ¥o A0AC, 1980a
ether Celite or Ind. chrom. AOAC, 19B0b
sapenification . peaks
Paper amd saponifica~-
paperboard tion
DI303-74 Capacitor DIb Hone SCOT CGC/FID Ko Total arsa 2.8 x 10 % mel/2 None Ko ASTH, 1980a
Askarels
D3304-74 Air o PGL/ECD No Total area KS None Yes ASTM, 19R0b
Water Hexans (H2S04)
Soil, H20/CH,CH  (Sapomification)
sediment falumina)
DCHA 3 pigment 4. Hexane/
types H,50, Kone PGC/ECD ¥o 10 isomers ~ 1 ppm/homolog PGC/HS Yes DCHA, 1981
B. cﬂgclg Flortsil
Deveanish Water Hexane Alumina PGC/ECD Ho NS 106 ogft Nane No Devenish and
Harling-Bowen,
1980
bow Chlorinated DI Noune PGC/EIMB Yes Total peak NS Rone Yes Dow, 1981
benzenes height/
homolog
EPA Bludge Hexane/ GPC PGC/ECD Yes Peak area NS GC/MS Yes Rodriguez
{Rzlocarbon) CH,Cly/ S removed or peak et al., 1980
acetone height
(83/15/2})
EPA (PF) Sludge CHxC1, GPC PGC/ETHS Yes NS K5 flone Yes EPA, 1979
(base/
neutral
and acid
fractions)
EPA (304h) Water Hezane/ Florisil/ PGC/ECD Yes Suarned NS Hone Yoz EPA, 1978
CHaCl silica gel or HECD areas or
(85/15) (CHACK) or Webb-
{5 removal} HeCall
EPA (B100) Sludge CHyC1, GPC CGC/EINS Yes NS NS None Yes Rallinger, 1978
(3 fractions) Silice gel or PFGC/EINS

{continued)



TABIE 1 {rontinued)

Betermination Queant .
Method Hatrix Extraction - Cleanep method Dual. method LoD Confirmation Refarence
EPA (HERL) Hilk Acetone/ CH;LN PGL/ECD Yeg lnd. peaks 50 ppb Perchlori- Yes Watts, 1980
hexane Florisil ' natica Sherma, 1981
Bilica acid
EPA (NERL) Adipose Pet. ether/ Saponification TIC Ro Bemiquant. 16 ppm Yone No Watts, 1980
CHACH Florisil

EFA (odl) Trapsformey DY {Hz804) PGC/HECD No Tetal area 1 nélkg Hone Yes EPA, 1981
fluids ov {Floxisil) or JECD or or Webb- Bellar and
waste oils {Alumina) JEING MeCatl Lichtenberg,

{8ilica gel) {CGC) 1981
(GBC), (CH3CN)

EPA (gas) Hatural gas THexane Hz50, PGC/ECD Total area  0.1-2 pg/m? Noue No Harris and
sampled with peak height - Mitchell, 1981
Florisil or Webb-HMcCall

{Parchlorination}
608 Water CHoClp (Florisil} PGC/ECD Ko Ares 9.04-0.15 pgfi Rone Yes EPA, 197%a
(5 removal)
425 Water CHaClp None PGC/EIME Yes Area NS Roene Yes EPA, l???b-
{ceey '

EPA (stack) Incinerator Hexane (H,S04) Perchlori- Ko Area 10 np GC/M8 No Hatle apd
emissions nation Baladi, 1977 -
and ambient PGC/ECD
air collected
on Florigil

EPA Combustion Pentane or (Florisil/ PGE/MS Yes Areaf 0.1 ngling None No Levins et al.,
sources CH.C1, silica gel) homolog 197y
collected
on Florigil

WIOSH (air) Air col- Hexane None PGC/ECD Ho Peak height ©.01 mg/m3 Kone No NIOSH, 1977a

(PECAM 24%)  lected on ar avea from
Florisil standard curve

or Webb-HcCall

NIOSH {air) Air col- Hexane Hone PGC/ECD Ho Peak height .01 mg/m3 Perchlorina-  He NIOSE, 1977b

(PSCAH 253)  lected on Perchlorina- ar area from tion
Florisil tion standard curve

Japan Food Several %ilica gel PGC/ECD Yes Summed RS Hone No Tanabe, 1976

Saponification areas
{Florisil) perchlorination
PAN Food CA5CN/Pet..  Silicic acid . PGC/ECD Ko Area NS TLC He FDA, 1977
ether (Saponification) {PGC/HECD)
{0xidation) (NP-TLC)
{RP TLC)

(Florizil)

a HNo specific details,

b Direct injection.

¢ Technigues in parentheses are described as optional in the protocol.



The ANSI methods are based on techniques that were used by the Monsanto
Industrial Chemical Company for the iselation and determination of PCBs in
water, soil, sediment, and biolegical materials. Packed column gas chromatog-
raphy with electron captnre detection (PGC/ECD) is the designated methed for
quantitation pf PCBs as Aroclors in the ANSI methods, Mass spectrometry, how-
ever, is recommended for each of the designated analysis schemes if confirma=~
tion is required. The cleanup techniques are required only if interferences
are noted for the PGC/ECD determination. The quality assurance procedures in
the ANSI methods emphasize the number of theoretical plates and tailing factor
foy the packed gas chromatography column.

The ASTM, AQAC, and EPA methods are geperally designed for a particular
matrix. The level of quality assurance procedures varies from method to
method. The recent methods provide quality assurance programs of greater de-
~ tail and vequire reasonable effort to maintain the accuracy and precision of
the overall determination. '

The EPA method for analysis of PCBs in transformer oils and crude oils
provides the mest generalized approach with respect to sample preparatian,
cleanup procedures, and instrumental analysis. Several cleanup procedures
arve provided as optional approaches in this protocol, and instrumental analy-
- sis by halogen specific, elegtran capture, or mass spectrometry detectors are
allowed, provided appropriate limits of detection can be achieved. A strong
guality assurance program including contyrol samples, daily quality control
check samples, blanks, standavd additions, accuracy and precision records,
and instrumental and chromatographic performance criteria is required to sup-
port all data generated by the method. '

The Dow (1981) and DEMA (1981) procedures also require strong quality
asgurance programs for analysis of by-product PCBs.

SAMPLING ‘

‘The first step in any successful analysis is the golleetion of represen~
tative samples, The selection of sawmpling sites, frequency of sampling, num-
ber of samples, measurement of physical and chemical parameters of the sample,
and the overall statistical desjgn of sampling methods have been provided in
extensive detail (Moser and Huibregtse, 1976; EPA, 1976). The sampling design
in mest cases is directly related to the objectives of a specific research
program as a regulatory action,

The methods that are of interest in the context of this report are the
procedures practiced for obtaining representatjive specimen of air, water, apd
solids, Aqueous and solid media are generally collected as grab samples, al-
thoygh aqueous samples have been preconcentrated on solid adsorbents prior to
extraction,

- ¥ater Sampling
' The polid adsorbents used for aqueous precencentration methods include

macroreticular resins (Coburxn et al., 1977; Seiber, 1974; Musty and Nickless,
1974; Webb, 1975; Picer and Picer, 1980), polyurethane foam and Chromosarb W
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coated with a mixture of undecane and Carbowax 4000 monostearate (Gesser et
al., 1971; Lawrence and Tosine, 1976; Bellar and Lichtenberg, 1975; Ahling

and Jensen, 1970; Osterroht, 1974; Musty and Nickless, 1976), as well as Tenax
(Leoni et al,, 1976). Preconcentrating organic analytes from aqueous media
allows the analyst to work with large volumes of water and thus lowers the
method detection limit for the compounds of interest. The sorbent preconcen-
tration method also can be used as a continuous on-gite sampling procedure,

Alr Saggling

The PCBs in ambient air and flue gas emissions have been collected on
solid adsorbents including polyurethane foam plugs, Tenax, XAD-resins, Florisil,
Chromosorb, and Poropak and combinations of these materials (Bidleman and Olney,
1974; Bidleman et al., 1980; Bidleman, 1981; Bidleman et al., 1981; Billings
and. Bidleman, 1980, 1982; Burdick and Bidleman, 1981; Simon and Bidleman, 1978,
1979; Tewis et al., 1977a, 1977b; Lewis and MaclLeod, 1982; Lewis and Jackson,
1982; Williams et al., 1980; Haile and Baladi, 1977; Giam et al., 1975; Haile
et al., 1982; Stanley et al., 1982; Harris and Mitchell, 1981). The solid
adsorbents are effective for sampling PCBs in air although some problems have
been encountered with breakthrough of the lower molecular weight PCBs at high
flow rates for extended sampling periods.

Doskey and Andren (1979) evalvated polyurethane foam coated with DC 200,
Florisil, and Amberlite XAD-2 resin for their ability to sample airborne PCBs.
The collection efficiency of the adsorbents was studied using carbon-14 labeled
2,5,2',5'~tetrachlorohiphenyl. The XAD-2 resin was found to have an excellent
collection efficiency for the tetrachlprobiphenyl at a flow rate of 1 liter/min.
Their sampling system yielded 96.5% collection efficiencies for the tetrachloro-
biphenyl and 83.0% for Aroclor 1221. Further investigations demonstrated low
. retention efficiencies for monochlorobiphenyl (72%) and dichlorobiphenyl (86%),
thus demonstrating that the sampling system was not equally effective for all
PCE congeners. The apalytical recoveries for tetrachlorobjiphenyl, Aroclor
1242, and Aroclor 1221 were 85.5%, 80.1%, and 64.9%, respectively.

Hanneman (personal communication, 1982) reported that PCBs were not re-
tained at acceptable levels on common solid adsorbents when the flue gas tem-
perature was greater than 130°C or in cases where the air contained an aerosol
of a nonpolar material in which PCBs are very soluble, Hanneman reported suc-
cessful collection of PCBs in these instances using polyurethane foam plugs
coated with liquid polydimethylsilocane. Several plugs of the coated polyure-
thane were placed in a water-cooled jacket to sample the air at elevated tem-
peratures, A PCB isomer was added to the surface of the foam plugs as a sur-
rogate prior to sampling. A second PCB isomer was added to the foam plugs
after sampling to monitor surrogate recovery and collection efficiency.

EXTRACTION

Reliable PCB analysis begins with the quantitative extraction of the ana-
lytes from the sample matrix. The extraction method is dependent on the sample
type and the complexity of the matrix encountered. In general, the extraction
methods require the use of solvents such as petroleum ether, hexane, methylene
chloride, acetone, and acetonitrile. Digestion of the sample matrix with sul-
furic acid or saponification with alccholic potassium hydroxide is necessary
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in spme instances to effectively extract incorporated PCBs. Dilution with
suitable organic solvents prior to gas chromatography and even direct injec~
tion of some PCB~contaminated samples have provided suitable quantitative
analysis. PCBs in air and flue gas emissions are typically collected on selid
adsorbents and removed by extracting with a suitable solvent.

Standard Methods

A number of standard extraction methods for specific sample types are
listed in Table 1. The standard methods include extraction techniques for
transformer and capacitor oils, food, soils, sediments, dyes, milk, adipose
tissue, sludge, wastewater, natural waters, emissions from combustion sources,
and ambient air.

Review Articles

Extraction methods have been reviewed previously (Hutzinger et al., 1974,
Sherma, 1975; Krull, 1977). Factors and problems that should be considered
for a given extraction procedure (Albro, 1979) include the following: (a)
each extraction method must be validated for each different matrix; (b) the
nature of the sample matrix influences the effectiveness of a given extrac-
tion procedure through various matrix properties. These properties include
the solubility of the matrix in solvent, the ease of homogenizing the sample
for subsampling, the water content of the sample which greatly affects the
extraction efficiency of the solvent, and the lipid content of tissue samples
that governs the volume of solvent required for quantitative extraction; and
{c) the incorporation of the analyte in a sample matrix and the most effective
means of adding spikes to the sample for method evaluation and quality assur-
ance measurements.

Primary Literature

A large number of extraction techniques provide quantitative recovery of
PCBs from widely different matrices, The application of the various extrac-
tion procedures to specific sample types is discussed below.

Aiyr--

Simple and straightforward extraction procedures are used for extraction
of adsorbents from air sampling. Ambient air and flue gas emissions have been
collected on adsorbents including polyurethane filter plugs (Bidleman and Olney,
1974; Bidleman et al., 1980; Bidleman, 1981; Bidleman et al., 1981; Billings
and Bidleman, 1980, 1982; Simon and Bidleman, 1977a, 1977b, 1977c; Lewis and
MaclLeod, 1982; Lewis and Jackson, 1982), Florisil (Harris and Mitchell, 1981;
Williams et al., 1980; Haile and Baladi, 1977; Giam et al., 1975), and Amber-
lite XAD-2 resin (Haile and Lopez-Avila, 1981; Stanley et al., 1982). PCBs
were quantitatively recovered from these adsorbent materials via extraction
with hexane, petroleum ether or benzene in a Soxhlet apparatus or as small
chromatographic columns.

Water and Wastewater--

PCBs in aqueous samples, including natural waters, potable supplies, sew-
age effluents and industrial wastewaters, have been extracted by a number of
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procedures. Liquid-liquid extraction with hexane, cyclohexane or methylene
chloride provide quantitative isolation of PCBs from aqueous samples (Brownrigg
et al., 1974; Devinish and Harling-Bowen, 1980; EPA, 197%a, 1978b; Haque et al.,
1974; Adams et al., 1979; Bellar and Lichtenberg, 1975; Caragay and Levins,
1979). 1In principle it is possible to extract all PCBs present in any water
sample without large scale solvent extraction (Krull, 1977). Lower levels of
detection of PCBs in aqueous samples have been achieved through the applica-
tion of solid adsorbents for large volumes that cannot be effectively handled
by classical liquid-liquid extraction procedures. The adsorbents are extracted
with hexane, petroleum ether, and diethylether to recover the PCBs. Macro-
reticular resins (XAD-2, -4, -7, and -8) have been evaluated in a number of
studies (Coburn et al., 1977; Seiber, 1974; Musty and Nickless, 1974; and Webb,
1975; Picer and Picer, 1980). Polyurethane foamsz and Chromosorb W coated with
a mixture of undecane and Carbowax 4000 monosterate as a reversed liquid-liquid
partition method have also demonstrated successful iseolation of PCBs from
aqueous matrices {Gesser et al., 1971; Lawrence and Tosine, 1976; Bellar and
Lichtenberg, 1975; Ahling and Jensen, 1970; Osterroht, 1974; Musty and Nickless,
1976).

Two studies (Bellar and Lichtenberg, 1975; Webb, 1975) compared various
extraction methods including batch liquid~liquid extraction, vortex stirring
with an organic solvent, and adsorbent concentration on polyurethane and am-
berlite macroreticular resins. Extraction efficiencies of PCBs were greatest
with liguid-liquid extraction.

Continuous liquid-liquid extractors (Leoni, 1971; Ahnoff and Josefsson,
1973, 1974; Ahnoff et al., 1979) and steam distillation of aqueous samples
with simltaneous liquid-liquid extractions of the distillate into pentane
(Godefroot, 1982) have been studied as alternate means to lower detection lim-
its for specific organic compounds including PCBs present in water.

Wastewaters from some industrial processes have posed some interesting
problems in measurement of total PCBs released. In particular, the cellulose
fibers collected from paper mill effluents required hydrolysis with alcoholic
potassium hydroxide and extraction with hexane or methylene chloride as well
as extraction of the aqueous phase to effectively quantitate total PCBs
(Delfino and Easty, 1979; Easty and Wabers, 1978). Dissolution of the resid-
ual fibers in paper mill effluents with 72% HpS0,; followed by dilution with
water and extraction with hexane was demonstrated to promote quantitative iso-
lation of PCBs.

Colenutt and Thorburn (1980) have discussed the application of gas strip-
ping or purge and trap techniques for the analysis of PCBs in water. Spiked
PCBs were removed from water samples by purging with nitrogen at ambient tem-
perature. The PCBs were concentrated on activated charcoal and desorbed with
a minimum volume (50 pl-1.0 ml) of organic solvent. Recoveries of greater
than 90% were reported for Aroclors 1221, 1248, and 1254. The efficiency of
this extraction technique is dependent on the gas flow rate, the time of strip-
ping, adsorbent particle size, and the desorbing solvent.
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Soils, Sediments, and Sludges--

Soxhlet extraction of soils and sediments with hexane~acetone, petroleum
ether-acetone, or hexane has been a common method of isolating the PCBs (Bellar
and Lichtenberg, 1975; Eder, 1976a; Goerlitz and Law, 1974; Jensen et al.,
1977; Macleod, 1979; Seidl and Ballschsmiter, 1976; Adams et al., 1979;
Hutzinger et al., 1974). Other wethods that have been used for soils, sedi-
ments, and sewage sludges have included silica sonication (Chau and Babjak,
1979), blending with suitable solvent such as methylene chloride with centri-
fugation for separation of the phases (Rodriguez et al., 1980), and a column
technique that required mixing sediment with Florisil and eluting with 10%
water in acetonitrile. FEthanolic potassium hydroxide reflux prior to extrac-
tion of the sediment has been reported in at least one instance (Wakimoto et
al., 1971).

Soxhlet extraction, solvent shakeout, solvent blending, two column elu-
tion methods, and high frequency dispersion (Tissumizer) extraction techniques
were compared for the same bottom sediment (Bellar and Lichtenberg, 1975).

The results indicated that the highest recovery of PCBs was achieved by Soxhlet
extraction of dried samples. The authors concluded that this should be the
technique of choice for bottom sediments and sludges.

Bellar et al. (1980) extended this study using Soxhlet extraction, soni-
fication, and steam distillation for the recovery of PCBs from environmentally
contaminated lake and river bottom materials. The high frequency dispersion
extraction technique was not used in this study because of excessive and rapid
wearing of parts of the device and excessive breakage of glassware. Bottom
sediments were spiked with Aroclor 1254 and extracted by the three techniques.
The mean recovery of PCBs for spiked samples was 81-109% for the different
methods, indicating that any of the three might be used for quantitative ex-
traction. However, the Soxhlet extraction method yielded higher levels of
PCBs from environmentally contaminated sediments than either steam distilla-
tion or sonification. The results of this study are not conclusive since only
one solid sample matrix was considered.

Seidl and Ballschmiter (1976a) studied the recovery rates of PCBs from
soil using Soxhlet extraction with hexane, acetone/acetonitrile, or ultrasonic
extraction with acetone. Carbon-14 labeled Clophen A-30 was added to the soil
to simplify the extraction studies. The authors concluded that Soxhlet extrac-
tion with acetone/acetonitrile yielded the best recoveries (greater than 95%)
and Soxhlet extraction with hexane or ultrasonic extraction with acetone was
not suitable for good recoveries of PCRs from soil.

Biological Matrices--

Considerable emphasis has been placed on the analysis of biological mate-
rials for the presence of PCBs. Tissues are generally homogenized and ground
with sodium sulfate, sand, or Florisil and are either Soxhlet extracted (Bagley
et al., 1870; Curley et al., 1971; deVos, 1972; Hattula, 1974; Holden, 1971;
Kuehl et al., 1980; Stalling et al., 1972) or packed into a chromatographic
column and the PCBs are eluted with an appropriate solvent (Bowes and Lewis,
1974; Call et al., 1974; Donkin et al., 1977; Exrney, 1974b; Ernst, 1974;
Hattula, 1974; Stalling, 1971; Wardall, 1977; Hutzinger et al., 1974; Stalling
et al., 1972; Sawyer, 1973; Armour and Burke, 1970). Recently, microcontinuous
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liquid~liquid extraction combined with steam distillation has been shown to
be an effective extraction procedure for tissues (Kuehl et al., 1980).

Other tissue extraction techniques have included blending with chloroform
and methanol mixtures followed by centrifugation (Sherma, 1975) and saponifica-
tion of fat and animal tissue with methanolic potassium hydroxide followed by
liquid~liquid extraction with hexane (Adams et al., 1979). PCBs in serum and
blood samples have been extracted by dilution with methancl followed by liquid-
liquid extraction with either hexane or diethylether.

Miscellaneous--

The other materials that have been analyzed for PCB content include trans-
former oil, silicone fluids, chlorinated benzenes, paper, packaging materials,
and pigments. Generally, transformer oils, silicone fluids, and chlorinated
benzenes are simply diluted with solvent prior to cleanup or direct analysis
(Adams et al., 1979; ASTM, 1980a; EPA, 1981; Bellar and Lichtenberg, 1981;
Klimisch and Ingebrigtson, 1980; Dow, 1980). The paper and packaging materials
have required homogenization by grinding before Soxhlet extraction with hexane
or acetone {(Kurastune and Masuda, 1972; Giacin and Gilbert, 1973; Serum et al.,
1973) or hydrolysis with refluxing alcoholic potassium hydroxide and final
extraction with petroleum ether (Burke et al., 1976; Easty, 1973; Shahied et
al., 1973).

In a method published by the DCMA (1980), extraction of phthalocyanine
blue pigment required dissolution with sulfuric acid prior to hexane extrac-
tion to isolate incorporated FCBs. The PCBs in other pigments, such as
phthalocyanine green and diarylide yellow are quantitatively extracted by high
speed homogenization with methylene chloride (DCMA, 1980).

Only the extraction methods described for the colored pigments (DCMA,
1980) were developed for PCBs as nonAroclor chlorinated compounds. All other
methods were used in studies that considered the environmental impacts of the
commercially distributed PCBs as Aroclors.

CLEANUP

In addition to PCBs, a large number of chlorinated compounds, lipid ma-
terials, and sulfur are extracted from aqueous, oil, tissue, sludge, and sedi-
ment samples by the methods described above. Hence, it is necessary in many
cases to provide an additional sample preparation step or cleanup to remove
the coextractants that may act as interferences. Cleanup technigues vary con-
siderably according to the particular sample matrix and needs for final instru-
mental analysis.

Review Articles

Sample extract cleanup procedures for PCB analyses have been partially
reviewed previously (Holden, 1971; Fishbein, 1972; deVos, 1972; Hutzinger et
al., 1974; Xrull, 1977; Albro, 1979).
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Standard Methods

Table 1 listed the cleanup procedures that are typically used with a num-
ber of standard methods for these materials. These cleanup procedures include
liquid-liquid partition of the sample extract, saponification with alcoholic
potassium hydroxide, addition of concentrated sulfuric acid, gel permeation
chromatography, and oxidation of interferences in the sample matrix.

Primary Literature

Adsorption Chromatography Cleanup--

Perusal of the literature indicates that adsorption column chromatography
is the most often practiced method of sample extract cleanup prior to instru-
mental analyses. The extent of sample cleanup required is dependent, in many
cases, on the specificity of the detector used for identification and guanti-
tation. Electron capture and halogen specific detectorxs (i.e., Hall electro-
lytic conductivity detector) require clean extracts since so many other com-
pounds can interfere,

Chromatographic column cleanup procedures have been used extensively with
adsorbents such as Florisil, silica gel, and alumina. Cleanup procedures may
require the use of only one column, combinations of adsorbent materials, use
of an adsorbent following liquid~ligquid partition, or cleanup after matrix
destruction by sulfuric acid or saponification. Proper activation of adsorbed
materials and the characterization of the degree of activation is essential
for effective and reproducible cleanup of sample extracts by a particular chro-
matography procedure (Edwards, 1974; Zitko, 1972). Reproducibility of a column
method requires avoidance of overloading the column, accidental deactivation
of the adsorbent during cleanup, and use of pure solvents (Edwards, 1974).
Optimum cleanup and separation of PCBs from interferences require fully acti-
vated adsorbents, and large eluent volumes (Edwards, 1974; Albro and Parker,
1980). The alternative to large eluent volumes is to use only a fraction of
the extract with microcolumn adsorbent procedures. A notable example is the
Sep Pak marketed by Waters Associates. Several investigators have reported
the application of Sep Pak for PCB cleanup as discussed below.

The most commonly used adsorbents are Florisil and silica gel at various
levels of activation. Florisil has been used to remove gross interferences
from sample extracts from air, water, wastewater, tissues, and dairy products
as well as paper, paperboard, and paper mill effluent (AOAC Methods, 1980;
Adams et al., 1979; Delfino and Easty, 1979; Easty, 1973; EPA, 1979%a; EPA,
1979b; EPA, 1978; EPA, 1980; Kamops et al.,, 1979; Kuehl et al., 1980; Modi et
al., 1976; Price and Welch, 1972; Reynolds, 1971; Reynolds, 1969; Robbins and
Willhite, 1979; Rodriguez et al., 1980; Stijve et al., 1974; Swift and Settle,
1976; Tessari and Savage, 1980; Yakushiji et al., 1978; Bagley et al., 1970;
Bagley and Cromartie, 1973; Bellar and Lichtenberg, 1976; Chau and Babjak,
1979). Florisil has also been used to provide additional separation of sample
extracts following initial cleanup of matrices by low temperature precipita-
tion, acetonitrile partitioning, oxidation, sulfuric acid digestion, alumina
chromatography, or gel permeation chromatography (Eden, 1976; Ernst et al.,
1974; Kohli et al., 1979; Mes et al., 1977a, Mes et al., 1977b; Mulhern et
al., 1972; Stanovick et al., 1973; Swift and Settle, 1976; Tessari and Savage,
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1980; Trotter, 1974; Uk et al., 1972; Bagiey et al., 1970; Bagley and Cromartie,
1973; Copeland and Gohmann, 1982).

Seidl and Ballschmiter (1976b) investigated the recovery and efficiency
of cleanup methods for the isclation of PCBs from vegetable oils. Column chre-
matography on Florisil, matrix destruction via saponification and sulfuric
acid treatment, and liquid-liquid parxtition with hexane/acetonitrile or hexane/
dimethylformamide were compared as cleanup techniques. The Florisil chromato-
graphic column with hexane/methylene chloride (80:20) as the eluent and liquid-
liquid partition with hexane/dimethylformamide were shown to be the methods
of choice with recoveries of greater than 90%.

Silica gel or silicic acid has also been used for a large number of sam-
ple matrices including water, sediments, sludges, foodstuffs, tissues, and
transformer fluids (Armour and Burke, 1970; Devinish, Harling-Bowen, 1980;
Erickson and Pellizzari, 1977, 1979; Ernst, 1974; Giacin and Gilbert, 1973;
MacLeod, 1979; Masumoto, 1972; Mes et al., 1976; Mes and Campbell, 1977; Nose,
1973; Ogata et al., 1980; Picer and Abel, 1978; Price and Welch, 1972; Sawyer,
1973; Stalling, 1971; Steichen et al., 1981, 1982; Balya and Farrah, 1980;
Beezhold, 1973; Bellar and Lichtenberg, 1975; Coburn et al., 1977).

Many applications have utilized the excellent separation properties of
silica gel to remove other halogenated interferences from PCEB fractions. The
separation of a number of halogenated pesticides has been accomplished by using
silica gel after preliminary cleanup of gross interferences and controlling
the degree of activation and size of the column or by slightly modifying the
adsorbent with silver nitrate or an oxidizing agent (Erney, 1974a; Erney, 1974b;
EPA, 1978; Herzel, 1971; Huckins et al,, 1976; Kreiss et al., 1981; Kveseth
and Brevick, 1979; Leoni, 1971; Mitzutani and Matsumoto, 1973; Musial et al.,
1974; Needham et al., 1980; Public Health Services, CDC, Atlanta, 1980; Serum,
1973; Snyder and Reinert, 1971; Stratton, 1977, Swift and Settle, 1976;
Trevesani, 1980; Underwood, 1979; United Kingdom, Department of Environment,
1979; Wakimoto et al., 1975; Bidleman et al., 1978),

Cleanup and separation of interferences from PCBs has been accomplished
with Sep Pak miniature silica gel cartridges for transformer {(Gordon et al.,
1982; Steichen et al., 1981), mineral, phosphate ester, glycol base, and sul~
fonated mineral oils (Balya and Farrah, 1980).

Alumina has been used as an adsorbent in more recent applications for
cleanup of matrices from oils, fats, and tissues (Donkin et al., 1977; Hattula,
1974; Kohli et al., 1979; Kveseth and Brevick, 1979; Ofstad et al., 1978;
Teichman et al., 1978; Wardall, 1977; Zitko, 1976) and other biological ma-
terials such as blood and human milk {(Musial et al., 1972; Siyali, 1973;
Tuinstra and Traag, 1979a, 1979b; Welborn et al., 1974) and from oil, water,
sediments, and vegetable materials (Goerlitz and Law, 1974; Lewis et al., 1977;
Tuinstra et al., 1981; United Kingdom, Department of Environment, 1979).

Dispersion of activated carbon on polyurethane foam, termed carbon foam
chromatography, and use of activated charcoal have also proven to be effective
means of isolating PCBs from complex matrices such as tissues and sediments
{Chau and Babjak, 1979; Jensen and Sundstrom, 1974; Stalling et al., 1979a;
Stalling et al., 1979b; Stalling et al., 1978; Stalling et al., 1975; Tiechman
et al., 1978).
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Gel Permeation Chromatography--

Gel permeation chromatography (GPC) has arisen as a popular cleanup pro-
cedure for complex matrices, especially samples containing macromolecular in-
terferents such as biological materials containing high levels of lipid ma-
terials. The GPC method has been fully automated for large numbers of sample
extracts. However, it is necessary to fully validate the GPC method for each
different sample matrix as with other cleanup procedures.

Gel permeation chromatography has been successfully used as a cleanup
for matrices of high molecular weight content and has provided a cost effec-
tive approach towards automation of large numbers of samples (Albro, 1979;
Caragay and Levins, 1979; Griffitt and Craun, 1974; Haile and Lopez~Avila,
1981; Hopper and Hughes, 1976; Kohli et al., 1979; Kuehl et al., 1980a, 1880b;
Rodriguez et al., 1980; Stalling, 1971, 1976; Stalling et al., 1972, 1979;
Tessari, 1980). Gel permeation chromatography of tissue and vegetable material
extracts followed by carbon~-foam chromatography provides a cleanup that is
exceptionally selective for planar aromatic hydrocarbons and the chlorinated
analogs such as PCBs (Dougherty et al., 1980). Lipidex was shown to separate
PCBs and other semivolatile halocarbons from water, fat, butter, and milk
(Egestad et al., 1982). Elution conditions could be adjusted to separate the
halocarbons from stercids and fatty acids. The authors noted that a combina-
tion of partition, molecule sieving, and aromatic adsorption was involved in
the separation.

High Performance Liquid Chromatography and Thin Layer Chromatography--

High performance liquid chromatography (Aitzetmiller, 1975; Dolphin and
Willmott, 1978; Rohleder, 1976) and thin-layer chromatography (Fishbein, 1971;
Hattula, 1974; Koeniger, 1975) have also received limited attention as chro-
matographic cleanup methods. Recently, an HPLC cleanup method for determina~
tion of PCBs in oils and waste 0ils has been devised (Chesler et al., 1982).

Acid Cleanup--

Sulfuric acid is added as the first step of many cleanup procedures to
remove gross interferences, although a number of studies found sulfuric acid
cleanup alone sufficient for PCB analysis (Ahling and Jensen, 1970; Becker
and Schulte, 1976; Haile and Baladi, 1977; Hattula, 1974; Mattson and Nygren,
1976; Murphy, 1972; Veierov and Aharonson, 1980; Harris and Mitchell, 1981).
Losses of the mono~ to trichlorobiphenyls were reported in two studies (DCMA,
1981; Lincer, 1973) which used a heated sulfuric acid cleanup. No losses were
observed at room temperature (Haile and Baladi, 1977). The chemical destruc-
tion cleanup methods are extremely useful but care must be taken to ensure
valid recoveries of the particular PCB isomers of interest. For example, mono-,
di-, and trichlorobiphenyl isomers were not quantitatively removed from pigment
matrices that were treated with concentrated sulfuric acid (DCMA, 1981; Lincer,
1973). Low recoveries were presumed to be due to sulfonation of the biphenyl
ring (Lincer, 1973).

Liquid-liquid Partitioning~--

Liquid-liquid partition is also used to remove large amounts of inter-
ferences from water, wastewater, milk, food products, packaging materials,
silicone fluids, oil, and tissue extracts before final cleanup by a chromatog-
raphy technique (EPA, 1978; Gordon et al., 1982; Leoni et al., 1973; Mulhern
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et al,, 1972; Siyali, 1973; Swift and Settle, 1976; Tessari, 1977; Tessari

and Savage, 1980; Klimisch and Ingebrigtson, 1980; Welborn et al., 1974).
Large amounts of an interference in a sample extract, such as the lipid con-
tent of a tissue extract, has a2 pronounced effect on the efficiency of liquid-
liquid partition cleanups (Albre, 1979). Validation of a cleanup procedure
using spiked blanks provides much better recovery values than can be achieved
for an actual sample. Therefore, it is necessary to spike actual sample ex-
tracts to fully characterize the limitations of this type of cleanup step.
Seidl and Ballschmiter (1976b) have demonstrated PCB recoveries of greater
than 90% for cleanup of vegetable oil extracts by liquid-liquid partition with
hexane and dimethylformamide.

Saponification--

Saponification of the sample watrix has been discussed as a method for
extracting PCBs from certain materials. Saponification may also be considered
a cleanup procedure (Lincer, 1973; Tatsukawa and Wakimoto, 1972; Trotter, 1974).
SBaponification of sample matrices with ethanolic potassium hydroxide has been
accomplished without chemical change to the PCBs present {Young and Burke,
1972).

Miscellaneous--

Other cleanup procedures that have been shown to be effective but have
limited use are low temperature precipitation of lipids from tissues and hu-
man milk samples prior to solvent extraction or liquid-liquid partitioning
(Mes et al., 1977a, 1977b; Mes and Campbell, 1976). Oxidation of interfering
chloronaphthalenes and chlorinated pesticides such as DDT and DDE with chro-
mium trioxide or chromic acid has been shown to be effective when used in con-
junction with a final chromatographic cleanup (Holmes and Waller, 1972; Mulhern
et al., 1972; Underwood et al., 1979). However, Szelewski et al. (1979) have
questioned the reliability of the chromium trioxide oxidation of intexferences
in sample extracts., Fish extracts, spiked with Aroclor 1016, 1221, and 1254,
were treated with the chromium trioxide oxidation technique. Recoveries of
Aroclor 1016 from this oxidation step ranged from 30 to 90% for eight repli-
cates, while Arocler 1254 recoveries ranged from 40 to 80% for eight replicates.
Aroclor 1221 was reported to have 0% recovery from this oxidation step for
six replicate samples. Szelewski et al. (1979) theorized that PCBs in the
extracts were lost by oxidation, by volatilizatiom due to the highly exothermic
nature of the oxidative process, or a combination of the two. Steam distilla-
tion of water, sediments, and tissues provides relatively clean extracts that
require little or no additional cleanup (Veith and Kiwus, 1977; Dougherty et
al., 1980). Interference from elemental sulfur is a serious problem, espe-
cially for electron capture detector methods of analysis. The sulfur inter-
ference in water, wastewater, sewage sludges and sediments can be effectively
removed by precipitation of sulfur with mercury (Bellar and Lichtenberg, 1976;
Goerlitz and Law, 1974; Rodriguez et al., 1980) or by converting sulfur to
thiosulfate by addition of tetrabutylammonium sulfate (Jensen et al., 1977).

Recovery Measurement

Regardless of the cleanup procedure required for PCB analysis from a par-
ticular sample, it is of utmost importance to deocument recovery of PCBs from
the method. Routine quality assurance governs that the recovery be determined
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for each different sample matrix encountered. Also, recovery of the PCBs
should be determined each time a given parameter of an established cleanup
procedure is changed. For example, different batches of an adsorbent may dif-
fer greatly with respect to activation. Cleanup steps should be monitored
with spiked samples to support overall quality of the data. In some instances,
a visible marker such as azulene can be used as a real time monitor to deter-
mine the performance of column chromatography methods (Nowicki, 1981).

DETERMINATION

Thin-Layer Chromatography

In addition to its use as a cleanup technique, thin-layer chromatography
(TLC) has been used extensively as a determination technique. TLC was used
early (latter 1960s, early 1970s) because HPLC was not readily available and
the GC techniques were not well-developed. Most of the early TLC reports were
normal phase (silica gel) and included elaborate cleanup steps to remove in-
terferents (e.g., oxidation of DDE to a benzophenone derivative).

In the mid-1970s when packed column gas-liquid chromatography/electron
capture detection (PGC/ECD) became the method of choice, emphasis on TLC meth-
ods dwindled. Several articles have been published which take advantage of
modern TLC techniques: high performance TLC, two-dimensional TLC, reverse
phase TLC, and new detection methods.

TLC has been shown to be an effective technique for determination of
(Aroclor) PCBs in a wide variety of matrices. The advantages included its
ease of use and the simplicity of the apparatus. The disadvantages include
lack of resolution, moderate sensitivity, and specificity.

Review Articles--
TLC analysis of PCBs was reviewed by Fishbein (1972).

Standard Methods--

TLC is included as an alterpate technigue for "semiquantitation" analysis
of PCBs in human adipose tissue in EPA manuals (Watts, 1980; Sherma, 1981).
It is also included in the Association of Official Analytical Chemists methods
for confirmation of identity (AOAC, 1980).

TLC is mentioned by the Food and Drug Administration (1977) as a tech-
nique which they feel may also be useful in dealing with particular resin com-
binations.

Primary Literature--

S8ince the publication of a TLC method for PCBs by Mulhern (1968) and
Mulhern et al. (1971), several researchers have used a similar method for anal-
ysis of PCBs in food (Stijve and Cardinale, 1974), animal feeds (Westoo and
Noren, 1970), food packaging (Zimmerli et al.), bald eagles (Bagley et al.,
1973), Aroclor mixtures (Willis and Addison, 1972), animal tissue (Collins et
al., 1972; Koeniger et al., 1975; Bush and Lo, 1973; Hattula, 1974; Mes et
al., 1977), human adipose tissue (Price and Welch, 1972; Lucas et al., 1980),
and human milk (Savage et al., 1973a, 1973b; Mes and Davies, 1979).
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Many of these researchers employed TLC in conjunction with other tech-
niques such as GC/ECD. Often, TLC was used as a confirmation technique.

Several publications have reported developments claimed to improve the
technique. Circular TLC reportedly improves sensitivity by an order of mag-
nitude with a PCB limit of detection of about 0.05 pg (Koch, 1979). Fused
glass TLC has been reported as yielding longer plate life (Okamura et al.,
1973). Reverse phase TLC has been reported to yield better separation of PCBs
from interferences (deVos and Peet, 1971; deVos, 1972; Stalling and Huckins,
1973; Brinkman et al,, 1976a). An impregnated silica gel plate has been re-
ported (Bergman et al., 1976) which improves selectivity apparently on the
basis of ion-pairing. The use of surfactant micellar solutions as the mobile
phase is certainly novel and reportedly has potential for separation of chlo-
rinated aromatics, including decachlorobiphenyl (Armstrong and Terrill, 1979).
Improvements in detection have included an AgNOa spray followed by UV irradia-
tion (deVos and Peet, 1971; deVos, 1972; Kawabata, 1974) and fluorescence (Kan
et al., 1973; Ueta et al., 1979). A two-dimensional TLC method was developed
which barely separated the DDT analogs from PCBs (Fehringer and Westfall, 1971).

This last reference points to one of the major problems with TLC deter~
mination of PCBs. Many common interferences (e.g., DDE in biological tissues)
have similar elution characteristics and are not easily resolved. One common
technique for removal of DDE prior to TLC is oxidation of the DDE to dichlore-
benzophenone with chromium trioxide or other oxidant (Biros et al., 1972;
Sherma, 1981; Watts, 1980; Collins et al., 1972).

Two studies (Bush et al., 1971; Collins et al., 1972) compared TLC and
GC/ECD. In both studies the PCB values obtained were generally comparable,
although in the study by Bush et al., the TLC results were generally lower
than GC/ECD.

Lucas et al. (1980) reported a statistical analysis of semiquantitative
determinations of PCBs in human adipose tissue generated by the EPA's National
Human Monitoring Program during FY 1972 to 1976. Results were reported only
as ranges (not determined, < 1, 1 to 3, and > 3 ppm) for 5,259 samples. The
EPA TLC technique (Watts, 1980; Sherma, 1981) was used in this study through
November 1974 and a GC/ECD technique involving a single PCB peak quantitation
was used thereafter. A total of 3,802 TLC results and 1,457 PGC/ECD results
were compared and not found significantly different.

High Performance Liquid Chromatography

High performance liquid chromatography (HPLC), with ultraviolet and other
detectors, has been reported in the characterization of commercial PCBs as a
cleanup technique and as an analytical technique. Despite its general applica-
bility in analytical chemistry, HPLC has not been as popular as gas chromatog-
raphy (GC) for PCB analysis., The major reason is that GC detectors, especially
those selective towaxrd halogens, exhibit much lower limits of detection.

Since HPLC is basically an instrumental version of the column chromato-
graphic cleanup techniques, described above, it is applicable both as a cleanup
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and a determination technique. Some researchers have expleited this and com-
bined cleanup and determination into one step with HPLC (Hanai and Walton,
1977; Van Vliet et al., 1979).

Review Articles--

Krull (1977) mentioned HPLC in a review of PCB analysis. Lawrence and
Tuiton (1978) reviewed the HPLC data on pesticides, including PCBs in their
tabulation.

Standard Methods~--
No standard methods utilize HPILC.

Primary Literature=~-

Several authors {Brinkman et al., 1976a, 1976b; Veith and Austin, 1976;
Albro and Parker, 1979; Brinkman and deVries, 1979) have used HPLC in char-
acterization of commercial PCB products or establishing the chemical behavior
of PCBs.

HPLC has been used as a cleanup technique prior to gas chromatographic
determination (Aitzenmiiller, 1975; Dark and Crossman, 1973; Rohleder et al.,
1976; Krupcik et al., 1977; Dolphin and Willmott, 1978). More recently it
has been used on a preparative scale to clean up waste and transformer oils
prior to CGC/ECD determination (Anonymous, 1982; Chesler et al., 1981). 1In
the course of these investigations, the researchers noted that the CGC/ECD
limit of detection was about 100 times lower than the HPLC/UV limit of detec-
tion.

As HPLC became increasingly popular in the early 1970s, Eisenbeiss and
Sieper (1973) performed preliminary investigations of the use of HPLC for pes-
ticide (and PCB) analysis. They concluded that HPLC can be regarded as an
alternative or supplementary method to conventional methods such as gas chro-
matography.

Hanai and Walton (1977) developed an HPLC/UV method for determining PCBs
in water. No LOD was determined, but good recoveries were obtained for 250-pg/
liter Aroclor 1232 spiked into distilled water. The water was pumped directly
through the HPLC system and the PCBs subsequently eluted by gradient elution.

A similar application (Van Vliet et al., 1979) used an HPLC precolumn to con-
centrate PCBs from water and then elute them onte the analytical column for
separation and determination.

Belliardo et al. (1979) developed an HPLC/UV procedure for PCBs in oil
and compared it with a PGC/ECD method. The HPLC method was judged suitable
to approximate, but not guantitate, the PCB content.

Seidl and Ballschmiter (1979) used HPLC/UV to detect biphenyl after de-
hydrochlorination of PCBs.

Electron capture detection of HPLC effluents has been described (Willmott
and Dolphin, 1974) for the analysis of PCBs. The LOD of HPLC/ECD is reported
to be about 10 times higher than for GC/ECD (Brinkman et al., 1978). Stalling
et al. (1980) gave a preliminary description of an HPLC/MS (presumably the
chemical ionization MS mode) system for rapid screening for PCBs,
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Gas Chromatography

Gas chromatography (GC), in combination with various detectors, has been
by far the most popular and useful analytical procedure for PCBs. In recent
years, capillary column GC (CGC) has been used increasingly, although most
investigators still use packed column GC (PGC). The popularity of GC lies in
its resolution and speed (most PGC analyses take less than 30 min) and the
sensitivity (ECD), selectivity (ECD, HECD), and specificity (electron impact
mass spectrometry) of the available detectors.

Separation-~-

Packed column GC (PGC)--Over 215 references were abstracted which used
PGC as the analytical separation technique. The vast majority of these used
PGC in a routine manner with a common liquid phase. The quality of the chro-
matography (resolution and tailing) was generally adequate for low resolution
separation of Aroclor-derived samples into a "fingerprint'" for identification
or quantitation. Since the Aroclor mixtures are toc complex for resolution,
little or no emphasis was placed on improving resolution by PGC.

The most common PGC detector has been ECD. ECD has historically required
isothermal GC operation (not so with modern instruments). Figures 1 and 2
present some PGC/ECD chromatograms (Mullin and Filkins, 1981).

Review articles~--By 1971 sufficient work in PCB analysis by PGC had
been completed to merit a review (Reynolds, 1971). This was followed by sev-
eral other reviews (Fishbein, 1972; Hutzinger et al., 1974; Fuller et al.,
1976; Krull, 1977; Margesomn, 1977; and CMA, 1981). One review by Sherma
(1975) was devoted to PG analysis of PCBs and related chlorinated aromatic
pollutants,

Standard methods--PGC is the recommended analytical separation
method in all but one of the 11 standard methods listed in Table 1.

Primary literature--Since over 215 citations on the use of PGC in
the analysis for PCBs have been abstracted, a complete discussion of the pri-
mary literature would be a formidable task. Most of these citations used PGC
in a routine manner and included little or no discussion as to why a liquid
phase or GC condition was chosen (if they were even mentioned). Several
articles are worth noting.

Albro et al. (1977) evaluated 13 packed columns ranging in polarity
from Apiezon L to OV-225., The number of observed theoretical plates ranged
from 491 to 3,833. None of the columns could successfully resolve all PCBs,
In the best case, it was calculated that of the 21,945 theoretically possible
pairs of PCB congeners, 465 would be indistinguishable using the best column
tested. The researchers discussed the use of multiple columns for resolving
indistinguishable pairs and concluded that five columns were necessary to re-
solve all isomers. Thus, using this scheme, each sample would have to be
analyzed once on each of five PGC columns to resolve all congeners.

23



DETECTOR RESPONSE

W(Ha) = 45 rnfaee

DETECTOR RESPONSE

120 60 INJ
TIME, min

Figure 1. Comparison of packed column gas-liquid chromatography (top)
and capillary column gas-liquid chromatography (bottom) with Aroclor
1242 and 1260 standards (Mullin and Filkins, 1981).
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Figure 2, Comparison of packed column gas-liquid chromatography (top)
and capillary column gas-liquid chromatography (bottom) with a milk
extract (Mullin and Filkins, 1981).

25



Albro and Parker (1979) applied this technique to the identifica-
tion of the components in Aroclor 1016 and 1242. The identity of 44 congeners
was reported.

A report by Jensen and Sundstrom (1974) presents what may be the
highest resolution PGC chromatogram of PCBs. Even though it was operated iso-
thermally, this 5.2-m Apiezon L column resolved 59 peaks in a Chlophen mixture.

Capillary column gas chromatography--CGC has not been nearly so popular
as PGC, although 42 citations have been abstracted. In recent years the qual-
ity of the CGC separations reported have been truly impressive. Despite these
advances, no CGC method reported or predicted will separate all 209 PCB con-
geners. As an example of the overlap problem, Pellizzari (1982a) reported
CGC/ECD and CGC/NCIMS identification of PCB congeners in an Aroclor 1016/1254/
1260 mixture. Of the 103 peaks listed, 73 were identified, but only 43 corre-
sponded to a single congener. The others were possibly two (19 peaks), three
(9 peaks), four (1 peak), or even six (1 peak) co~eluting congeners.

In addition to the problem of congener separation, interferences may co-
elute. EIMS can readily discriminate against non-PCBs; however, co-eluting
major components may affect the mass spectral response of PCBs.

Review articles--CGC was briefly cited (five references) in one vre-
view (Sherma, 1975). An Aroclor CGC/ECD chromatogram was included in a CGC
monograph (Jennings, 1978) as an application of CGC.

Standard methods--One of the 11 standard methods in Table 1 recom-
mends CGC, specifically a support coated open tubular ({SCOT) column coated
with FFAP (free fatty acid phase) for apalysis of PCBs in capacitor Askarels.
EPA Method 625 (EPA, 1979b) recommends PGC or if desired, capillary or SCOT
columns may be used. Capillary gas chromatography is also allowed, if desired,
for the analysis of PCBs in transformer fluids or waste oils (EPA, 1981).

Primary literature--CGC was utilized in 43 articles abstracted for
this review. The level of detail and column specifications span a wide range.
Sissons and Welti (1971) published an early article which characterized many
of the PCB isomers in Aroclor 1254. Using an Apiezon L packed column, 23
peaks were resolved, while the same phase on a SCOT column (24,000 to 27,000
plates) separated 65 peaks. The next yeax, Webb and McCall (1972) performed
similar experiments using an SE-30 SCOT celumn. Although the resolution was
poor by today's standards, Biros et al. (1970) used CGC/EIMS to determine PCBs
in human adipose even earlier.

Krupcik et al. {1971) evaluated metal WCOT columns coated with

Apiezon L or OV-101 and found them unsuitsble. However, OV-101 on a glass
WCOT column gave good results. An example of the separations obtained by CGC
using liquid phases of different polarity is shown in Figure 3 (Krupcik et
al., 1977). The quality of the chromatography is less than optimal because
the GC was operated isothermally. Krupcik et al. (1982) have also reported
on the optimization of experimental conditions for the analysis of complex
mixtures by capillary gas chromatography. The optimization procedure for com-
plex materials was demonstrated with Aroclor 1242. Forty PCBs were separated

26



Separation of 2 PCB minture by GLC on a glass capillary column ¢oated with QV-101 at
200 °C {eolumn E),
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Separation of PCR mixture by GLC on a glass capillary column coated with Carbowax 20M
at 200 °C (column F), '

Flgure 3. Comparison of PCB resolution on different columns
(Krupeik et al,, 1977},
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at 170°C using a 40.0 m Carbowax 20M glass capillary column connected to a
75.6 m Apiezon L glass capillary column.

Using a 50-m Dexsil 410 glass capillary Albro et al. (1981) have
achieved 175,000 effective theoretical plates for 2,3,5,2',3',5'-hexachioro-
biphenyl. Resolution of Aroclor 1260, which required an isothermal chromato-
gram of 5 h, generated 110 peaks, of which only 4 were unidentified. Even at
this resolution, the Dexsil 410 did not resolve all congener pairs. Less ef-
ficient columns coated with Silar 5 €, Apiezon L, and 0V~25 were used to pro-
vide different separations which resolved the congener pairs not previcusly
resolved,

Although no column performance parameters were given, Mullin and
co-workers have achieved impressive resolution by temperature-programmed CGC/
ECD .on C-87 columns (Mullin and Filking, 1981; Mullin et al., 1981) and SE-54
columns (Safe et al., 1982).

Pellizzari et al. (1981) have compared a number of capillaries (cap-
illary material, pretreatment, and liquid phase). Apiezon I was judged to be
the best of the liquid phases tested (SE-54, C-87, SP-2100, and Apiezon L),
for PCB analysis, based on resolution, separation number, and HEETP. Two ex-
amples of this column's performance are shown in Figures 4 and 5. This con-~
clusion supports that of several other investigators who have used and recom-
mend Apiezon L (Sissons and Welti, 1971; Albro et al., 1977; Stalling et al.,
1978; Albro et al., 1981; Jensen and Sundstrom, 1974; Nakamuna and Kashimato,
1977; United Kingdom Department of the Environment, 1979) or similar hydro-
carbon phases for PCB analysis (Mullin and Filking, 1981).

Tuinstra and coworkers (Tuinstra and Traag, 1979a, 1979b; Tuinstra
et. al., 1980; Tuinstra et al., 1981) have explored the automation of CGC/ECD
analysis with autoinjection onto a splitless injector. This approach, although
not thoroughly presented in Tuinstra (no mention of sample throughput or auto-
mation of data recording and reduction is mentioned), should be pursued by
laboratories facing large sample loads.

Recently, bonded liquid phases have been made available on capillary
GC columns. These exhibit low bleed and background and have long lifetimes.
Figure 6 presents a CGC/EIMS chromatogram of a PCB standard on a DB-5 column.

It is interesting to note that J&W Scientific, Analabs, and Supelco
present CGC/ECD chromatograms of Arocloy wmixture in their catalogs. This in-
dicates that CGC is commercially available and that the capillary manufacturers
consider their PCB separations good enough to advertise.

Comparison of PGC and CGC~-The relative merits of PGC and CGC are
well-known and apply to the separation of PCBs. CGC provides better resolu-~
tion, retention time precision, and higher qualitative reliability. PGC
yields a simple chromatogram (less data reduction), permits higher sample
loading (and therefore possibly lower L0Qs), and is generally considered easier
to use. Historically, PGC quantitation has been more precise, although it
has not been established how much of the imprecision attributed to CGC has
been due to poor technique on the part of the analyst.
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Electron capture detection of Aroclors 1242, 1260, and 3460

Figure 4.
(400 pg each) chromatographed on an Apiezon L (WCOT) silanized
The carrier

Pyrex glass capillary, 0.20 mm i.d. x 50 m in length.
was 53 cm/s; capillary was temperature-programmed from 150 to 390°

at 1°C/min (Pellizzari et al., 1981),.

ol

Figure 5. Electron capture detection of PCB in an extract of vellow perch
See Figure 4 for chromatographic conditions (Pellizzari et al., 1981),
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Sample: Combined Aroclor 1248, 1254, 1240
250ng/s.] 8 DCB 100ng/pl, 1t Injection
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Figure 6. Scanning capillary column gas~liquid chromatography/maga
spectrometry analysis of a mixed Aroclor standard used to
establish retention windows for the CGC/MS-selected
ion monitoring analysis of PCBEs.

Instrumental parameters: column, 15-m, fused silica, DB~5; column
temperature, 80°C for 2 min, 8°C/min to 300°C; helium carrier at
2,5 psi; J&W on column injector. (J. 8. Stanley and C. L. Haile,
Midwest Research Institute, personal communication, 1982).
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Figures 1 and 2 (Mullin and Filkins, 1981) present graphic compari-
sons of PGC and CGC results for PCBs., Similar results have been presented by
Onsuka and Comba (1978).

Detectors--

GC detectors are classified as either universal or selective. The ECD
and HECD are highly selective toward halogenated compounds. This selectivity,
coupled with its extreme sensitivity, has made ECD very popular for analysis
of trace levels (residues) of pesticides and PCBs and has, in fact, had a sig-
nificant role in regulatory actions on these classes of compounds. FID is
the most common GC detector and is a universal detector, giving similar re-
sponses for most organic compounds. Thus, FID would be unsuitable for detec~
tion of PCBs in a complex matrix.

